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SUMMABY 

Objective ; An Inras tlgfetion of the effects of charging lead-acid 
storage cells with a pulsating direct current. 

General Methods ; A charging circuit was designed and constructed to 
permit charging a "battery of three 24-ampere-hour cells with a pul- 
sating direct current, carefully regulated and metered at 2.4 amperes 
average value, at a frequency variable from 0.2 to 400 cycles per 
second. The battery was repeatedly cycled under similar conditions 
excspt for frequency of the finishing rate charging current, which 
was varied frea 0.5 to 400 cycle*. Control charges, with a steady, 
non-pulsating currant, were also conducted. The gas generation, aapere- 
hotu -efficiency, aad watt-hour efficiency were determined for each charge, 
and an attempt was made to correlate these with frequency. 

\ 

findings i The Investigators demonstrated qualitatively that charging 
a battery with pulsating current improved performance, for Willard 
BIU24-2 cells, the best results were observed at a frequency of about 
0.5 to 1.0 cycles per second, further tests, employing statistical 
methods, are necessary to find the reason for this improvement aad to 
determine quantitatively its magnitude. 
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CHAPTER I 



PREVIOUS IK72ISTIGATI0HS 

An investigation of the effects of a pulsating battery-charging current 

leads the experimenter into almost virgin territory. The pioneer in the 

/ ! 

field is 7. Dacos of the University of Liege, who raBaarlxed his findings 
in the Revue Universalis dee Mines. £3^ His experiments compared gen- 
erator charging of lead-acid cells to rectifier charging, (in a letter to 
the investigators Uncos stated that he used a 50 cycle per second current 
and an unfiltered, fall -wave dry rectifier.) He concluded that charging 
with * pulsating current produced ** remarkably 'better" performance than 
charging with a steady current. In particular, pulsing the current caused: 

(1) Higher efficiencies, both watt-hour and aarpere-hour; 

(2) Decreased gassing (by an average of 18$ in 100 tests); 

(3) Higher mean voltage on discharge; 

(4) Decreased "shedding” of active material ; and 

(5) Increased cell life (by la a single longevity test). 

(6) Dec reused consu»tft/<»t of water. 

Dacoe found the shape of the current pulses to be relatively unimportant. 

His brief, qualitative explanation of theea phenomena will be discussed 
later in this paper. 

The literature revealed no other reference to battery perfoxx&nce as 
affected by pulsating charging currant, even in Tinal’s authoritative 
Storage Batteries £12]. Yinal’s discussion of the physical chemistry of 
the lead-acid cell, however, suggests an attack an an explanation of these 
results and will bo disausssd below. 
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G. V. Jernetedt, of the Meetinghouse Electric Corporation, investi- 
gated and patented an electroplating process In which the plating current 
is periodical! y reversed. In the Weatlnifreueo Engineer ^7 j he described 
the cirouits and apparatus used, and gave a qualitative theory explaining 
the improved plating produced by this method. Heither this article, how- 
ever, nor any of the other references to periodic-reversal, or ‘’PS’ 1 plat- 
ing (see Bibliography) suggested en explanation for the effects of pul- 
sating charging en storage batteries. 

Guided by these references and some experience with submarine stor- 
age batteries, the investigators deolded to conduot an expsrlment in which 
a lead-acid battery would be repeatedly cycled, the finishing-rate current 
being pulsed at different frequencies. Steady current control charges were 
to be made for comparison. Zt was hoped to discover whether benefits simi- 
lar to Bacos ' could be obtained if the charging current were pulsed at a 
frequency on the order of 1 or 2 cycles per second. Varying the field of 
a conventional submarine min generator, perhaps by a commercial PH electro- 
plating control, could produce such a current, while a higher frequency on 
the order of 50 cycles would bs difficult to obtain. While the improved 
performance achieved by Bacos would bs valuable in any battery, it would 
be exceptionally desirable in a submarine battery where high performance 
and minimum gassing are essential. Since the experimental setup could 
be adapted for higher frequency work, the frequency range was extended 
from 0.5 to Uoc cycles per second. 
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CHJLPTSB II 



PRDCIOUHB 

The first step in ft study of pulsating-current charging, the investi- 
gators dsolded, should he to determine the offsets on esll performance 
rather than to study electro-chemical phenomena. Several motives prompted 
this decision: 

(1) Unless improved performance were found to exist, there would he 
little incentive to study the electro-chemical reactions involved. 

(2) The background of the investigators was electrical rather than 
oh cos leal. 

(3) Available laboratory facilities lent themselves better to measur- 
ing and controlling electrical rather than chemical variables. 

It was therefore decided to study the variation with pulse repetition fre- 
quency of the following indices of cell performance: 

(1) Ampere-hours per charge, and ampere-hour efficiency; 

(2) Vatt-hours per charge, and watt-hour efficiency; 

(3) Gas generation per charge, per watt-hour, and per ampere-hour; and 

(4) Duration ef charge. 

The general scheme was to Connect several cells in series and repeat- 
edly cycle the battery. Since variations in ambient temperature were small, 
temperature was left uncontrolled with the thought that its sffset could be 
neglected. Otherwise all cycles were as nearly identical as possible ex- 
cept that the current during the finishing rate of each charge was pulsed 
at a different frequency. Average current was kept the tame for each charge. 
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Tims any variation in performance among the cycles should have been due only 
to the variation in frequency. 

A program of experimental work was laid out to determine these data. 

It later turned out to be too ambitious for the time available, and only 
parte a, b, c, and d were completed. The schedule, with the approximate 
times of laboratory and shop work required, was: 

a. Design, construct, and test the experimental setup (20 weeks). 

b. Cycle the battery at frequencies of 0.5, 1, 3, 7.8, 20, 40, 

100, and 400 cycles. Use square pulses at low frequencies, half wave rec- 
tification at higher frequencies. (4 weeks) 

c. Cycle the battery several times with steady current charging 
for a comparison with step b. (2 weeks) 

d. Investigate reproducibility of results of steps b and c. (1 week) 

e. If step 4 reveals low reproducibility, repeat steps b and c 
ofton enough to obtain an accurate mean for each frequency. A statistical 
analysis of the results of steps b and c will be required to determine how 
many additional runs at each frequency are required. 

f. Repeat these steps for different wave shapes including full 
wave rectification and pulsed field excitation. 

The experimental setup was designed along the lines of Figure 1, which 
shows a simplified block diagram of the equipment. In general, the battery 
was discharged for a predetermined number of ampere-hours, thsn fully 
charged. The charge was considered to be completed when cell voltage ceased 
to rise. The gas generated in each cell daring the finishing rate was col- 
lected and measured. Cell current end voltages were recorded. Electrolyte 
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temperature was measured tat not regulated. 

To regulate and measure these simple data (voltage, current, gas 
volume, and temperature) required a more complicated arrangement than 
originally anticipated. Like Topay it "just groved*, until sometime* 
ten pieces of relatively large rotating machinery had to he ran simul- 
taneously. The details of the setup are given at length In Appendix A. 

As the experiment proceeded, some improvements were made, and some were 
noted hut could not he effected. In particular, the substitution of re- 
cording instruments for indicating instruments would hare simplified both 
the regulating and data- taking problems. This and other improvements are 
more fully dlsouseed in Chapter T, 

It was decided to use three Vill&rd Type £3-24-2 cells for the ex- 
periment. This cell it a small, plastic-encased, non-spill type having 
a nominal capacity of 24 ampere-hours with a specific gravity of 1.280. 

The manufacturer's performance curves are shown in Figure 2 and the 
Bureau of Ships drawing in Figure 5* A email cell with & low charging 
current was necessary if square current pul see were to he produced by 
relaying. A email cell also would generate a relatively small volume 
of gas and minimize the problem of gas collection and metering and the 
hasard from hydrogen-oxygen explosions. While realising that thle cell 
is a far cry from the 5000 ampere-hour submarine cell in which they ware 
primarily interested, the investigator# considered that both cells would 
react similarly to pulsating-current charges. The reactions are the same 
in each cell, and the voltage, specific gravity, and plate-current density 
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FIGURE 2 PERFORMANCE CURVES FOR 

WILLARD CELL TYPE ER-U-2 
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NOTES 

L OATTERV INDICATOR BALLS 
GREEN RISES WNtN FULLY CHARGED 
WHITE OROP3 WHEN 30% DISCHARGED 
RED OR OPS WHEN 90 % DISCHARGED 
E. CEMENT LINER IN PLACE AT POINTS 
INDICATED 9y * 

1 TNE CASE AND COVER SHALL BE MADE 
OP POLYSTYRENE OR OTHER APPROVE0 

material .(NOT narc r user) 

a LETTERS TO BE STAMPED. MOLDED OR EN- 
GRAVEO ON CASE IN AN APPROVED METHOD 



FIGURE 5 

TEST CELL 






arc similar. furthermore there vac so available equipment for cycling a 
cell of very large capacity. 

The cells were obtained in the charged and dry condition! with the 
cell openings scaled. All cells were filled with 3&5 milliliters of 
reagent grade sulfuric acid of 1.280 specific gravity. After charging 
for 24 hours, as recommended by the manufacturer, the cells were cycled 
4 times. Discharges ware at 15 amperes for 48 minutes, or 12 ampere- 
hour*. Charges used two steps of constant current with a starting rate 
ef 6 amperes and a finishing rate of 2.4 amperes. Current was lowered 
to the finishing rate when any cell reached the gassing voltage deter- 
mined from the ?eaperature-7oltage-3&sslng curve shown in figure 4. By 
the fourth preliminary cycle, coll voltages at end of discharge and at 
end of charge were substantially constant, and it was cons ids red that no 
appreciable change of cell characteristics would occur with further cy- 
cling. 

To be able to fill a hydrometer barrel, it was necessary to keep the 
electrolyte level about one centimeter above the level line on the cell 
jar. She gravity of this upper layer of electrolyte changed very slowly, 
dropping only ten or twenty points daring a one-hour discharge. Since 
gravity readings were not significant, the filling plugs were Inserted 
and sealed with wax after the fourth preliminary cycle. Ho more gravi- 
ties were taken until the completion., of the experiment, When they were 
again read, and found to have dropped about 10 points. This small change 
was asenmed to have negligible effect. Hydrometer readings were corrected 
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FIGURE 6. CHARGING CURR IT PULS SHAPES 
Notes 1. Scales differ among the traces. 

2. In each case mean current is 1.4 amperes, 

3. Traces below 10 cycles per second by Brush recorder; above 
10 cycles by cathode ray oscillograph. 
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to SO*?/ SO ®? by tha curve* of Figaro 5. 

*?h» current pule* *hap* wet chosen aft & square wave of equal ea *a 4 
*ff period* for frequencies below 10 eyelet per second. for hi gher fre- 
craeneie* a half *in* wav# wee used. la both case* the sees value wee 2.h 
wap* res. Fl©ir® 6 shows the our rent wav* shapes actually used, In son* 
cases, ea and off tie** were not precisely equal 5 in other*, slot fcKm&u* 
loe were prominent. Ia every ease the average value wae measured to be 
?.U amperes. Although the sum* pule* shape, either halJVsine or equere, 
would have been desirable for the entire frequency range, practical dif- 
ficulties prevented it. It proved impractical to operate a relay or 
twitch faster than about S cycles per second. Uhea available alternators 
were run at speeds lower than that cerretponding to about 15 cycles per 
second, it was Impossible to generate sufficient voltage. Bsc os [j* page 
173 stated that 

careful trials, made with different force of rectified alternating; 
current, shewed a very light supplementary benefit ia gas evolution 
when one used 3 rd harmonic current. 

It was censequeutly assumed that the square wave and the half sine wave 
would produce «i illar result*. The * steady* current actually had a small 
slot ripple, but it was believed that the ripple produced no appreciable 
difference froa a truly constant direct current. 

After the fourth preliminary cycle the test eyelet were begun. 

Steady and pulsed runs were conducted ia a random order to counteract 
any effect of progressive changes ia the battery with cycling. The test 
cycles followed the ease procedure as the preliminary cycle*. The cells 
were discharged for 4 S minute* at 15 ampere*, then pat on charge at 6 
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ampsrss steady current. When the gassing voltage was reached on any cell, 
the current was dropped to 2.4 amperes and gas collection was began. The 
finishing rate current vas pulsed or steady depending on whether the run 
was a test run or a control run. The gas was collected, individually for 
each cell, over water, and kept at atmospheric pressure by a leveling 
bulb. He attempt was made, nor was it practicable, to separate the hydro- 
gen and oxygen formed at the negative and positive plates respectively. 

The gas collected was therefore a saturated alxture of hydrogen and oxygen 
plue the air Initially in the collection apparatus . Difficulty with gas 
leakage was overcome by sealing the filling caps with wax. 

Daring discharges, voltage readings were recorded at 6 minute inter- 
vals. During charge, voltage readings were taken at 12 minute Intervals 

until the charge was almost completed. The temperature correction to volt- 

4 

age, 1.1 x 10 volts per degree ?., was neglected. For the last hour or 
so, readings of voltage and gas level were taken at 6 minute intervals. 

Gas volume was corrected for temperature but not for pressure. As explain- 
ed In Appendix A, the current pulsations were stopped during voltage read- 
ings at the lower frequencies and the current maintained at 2.4 amperes steady 
until the cell voltages were read. Although this procedure masked somewhat 
the change in performance due to pulsing, it vas accepted as a necessary 
evil. Sinoe cessation of voltage rise was the criterion for determining 
the end of the charge, It was essential to measure voltage accurately. A 
ballistic galvanometer could have been used to road the average of the 
pulsating voltage, but it would have added complications, especially in 
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maintaining aconra te calibration, la any event, th* data could be correct- 
ed for the Mount of tine whan the current wae steady Instead ef pulsating, 
An ordinary d , Ar*onval aoveseat vclixster was therefore need for ell chargee. 

Part b of the program was considered completed after ran* at 0.5, 1, 

3, 7. 8„ 20, Uq, 100, and 40-0 cycle* per second, and art c after 4 steady 
current control runs. Ac disunited la Chapter III, It was difficult to 
reproduce result* in th* control runs. To discover whether th* lack of 
reproducibility was a eased by fealty experimental teefanicute or wee in- 
herent in cell psrforsnoee, the investigators eonmeneed part d of the pro- 
gran. five cycles were ran under nearly identical conditions, except that 
electrolyte temperature was allowed te vary ever a small range. Baeh cycle 
consisted of a discharge at 15 axperee for 10 alnutee pin* a charge at 
2.4 experts steady current until voltage ceased to rise. O&e wee collect- 
ed as before. Although even a cursory etudy of the results shoved the de- 
sirability of acre runs, lack of time forced a step to experimental work. 

The analysis of results and writing of the report were then undertaken. 
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CHAPTEH III 



futoinos 

The experiment proved several points conclusively and gave somewhat 
lass conclusive answers to several other enactions. An incidental con- 
clusion was that the manufacturer overestimated the cell discharge capac- 
ity at the 15 empere rate. According to the carves of Figaro 2, the cell® 
should dsliver 15 amperes for Jl minutes at SO 0 ?. , for 65 minutes at 70°F., 
or for 60 minutes at 6o®F. , before cell voltage reached the minimum allow- 
able of 1,65 volte. On one oeo&slon, the cell# reached a voltage of 1,62 
by the end of a 48 minute discharge at 15 amperee. On another occasion, 
when the cells were discharged to the low voltage level, they delivered 
only 90% of rated capacity. The usual voltage at the end of 48 minutes 
was 1.8, dropping rapidly. Although the discharges were always terminated 
after 48 minutes, it was exceedingly doubtful whether the cells would have 
discharged for If sore minutes without reaching I.65 volts. A similar con- 
clusion was reached by the Mare Island Navel Shipyard Industrial Laboratory 
(jS? in tests of 12 similar cells. (They were of the same Navy stock number, 
but manufacturer not specified. ) The laboratory found an average ampere- 
hour efficiency of $4% at the 15 ampere rate, although performance at the 
5 minute and 10 hour rates was excellent. 

A second conclusion was that fluctuation in call voltags, when the 
battery was charged with a pulsating current, decreased as the frequency 
increased. Voltage ripple, defined as the ratio batween voltage fluc- 
tuation and mean voltage, decreased from >124 at 0.2 cycles per second 
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becoming roughly asymptotic to *025 at frequencies above 2 cycles per 
second. 'Che actual value e are shown in Figures J and 6. 
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Figure S. Voltage Ripple 

Shapes of the cell voltages and voltage fluctuations are shown in Figure 9, 
while current shapes are shown la Figure 6 above. Sipple wae substantial- 
ly the same for both current ehapes at frequencies above 3 cycles, although 
the shape of the fluctuation was different. The small, 540 cycle current 
ripple produced an almost negligible voltage ripple. 

A third conclusion it that etorage cell performance is not reproduc- 
ible under ordinary laboratory conditions. Tests run under vary similar, 
if not Identical, conditions produced varying results. The investigators 
were unable to correlate indlees of performance with any variable. They 
were forced to conclude that the indloes obtained in this experiment were 
distributed according to an unknown frequency distribution. The experi- 
mentally observed meant of these indices cannot be said to equal' the true 
indices. It is possible, however, under certain not unreasonable assump- 
tions, to state a range within which, at a high confidence level, each 
true index should lie. These confidence limit® are shown on the curves 
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of Figure 10. Since ths statistical analysis Is rathsr laa/rth& It Is die- 
<msssd in detail In the following chapter rather than here. 

A surprising faot was noted when the volume of gas per ampere-hour 
daring the surcharges was compared with that predicted "by faraday's Lay. 
Daring the surcharge (pertion of charge after voltage ceases to rise) all 
the charge sent through the cell Is transmitted by electrolysis of the 
water of the electrolyte. Since all the FbSO^ has been transformed into 

Fb and PbO*, there is no other mechanism for current flov. One then ex- 

/ 

pacts to generate one equivalent of gas at each electrode for every fara- 
day ef electricity sent through the cell. If the hydrogen and oxygen were 
collected together, one would expect to collect about J15 cubic centimeters 
of the saturated mixture at 2J°0. for every ampere-hour of charge, for all 
frequencies, however, th* volume of gas collected was about 444 cubic centi- 
meters per ampere-hour, 62 $ of the expected value. (Sleetrechsaiats would 
say that the current efficiency was 6s£. ) figure 11 shows the values of 
gas per ampere-hour. The only explanation is that some of the hydrogen 
and oxygen have recombined into water before escaping from the electro- 
lyte. The investigate re them concluded that some of the gas produced prior 
to the surcharge must also recombine rather than escape. The volume of gas 
collected was then & function of two phenomena: 

(1) during the gassing bsfore completion of the charge, part of the 
current dc sulfa ted ths plates and the rest electrolysed the water of ths 
electrolyte, 

(2) part of the electrolytically produced hydrogen and oxygen recea- 
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Efficiencies 



Gas Volume per Ampere-hour 
of Surcharge. 

Figure 11 



Cubic centimeters 




blued into water and part escaped. The relative affect of these two phenomena 
was not determined, hut it was concluded that both occurred to some extent. 

The lack of reproducibility of indices of performance prevented giving 
an exact quantitative answer to the question, tt How does battery performance 
vary with frequency of current jailsation? H It was obvious, however, that 
pulsating charges improved most indices of performance, particularly at 
low frequencies on the order of one cycle per second. Figure 10 shows 
graphically the values of the most important Indices. The dashed lines in 
each graph represent the respective means of the steady current control runs, 
while the dot-dash lines on either side represent the 90$ confidence limits 
for this mean. That is, the probability is 0.9 that the true value of th® 
index lies between the dot-dash lines, A straight line was fitted to the 
points for pulsating current as the best estimate of the true situation. 
Confidence limits in the fora of a shaded area centered on this line could 
have been plotted, but the computation is so tedious and the added informa- 
tion so littls that this work was not undertaken. In general, the width of 
this band would be several tides that of the control run confidence band. 
Quantitative statements being out of order, th© following qualitative con- 
clusions were reached for the various indices of performance: 

Time: Possibly a slight improvement at the lower frequencies. 

Ampere-hours : Possibly a sli^xt improvement at the lower frequencies. 

Watt-hours : Slight improvement at the lower frequencies. 

Qag evolved : Definite improvement at the lower frequencies; little 
or none above 100 cycles per second. 
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Ga» per eg-pare-hour and per watt-hour; Deoided improvement at all 



frequencies tested, greatest at tha lower frequencies. 

Efficiencies: Sli^it improvement at tie lower froqnenciee. 

Ia summary, the greatest benefit* were noted in gas evolution, with Blight 



improvement in other indices 
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According to the double <mlf ate theory, the reaction in a lead acid 
cell let 

2 PbSOjj •*■ 2ir 2 0 ^ 1% ^ Fb + 2H 2 504. 

During charge the reaction goes fron left to right. According to Vinnl 



I - current 

r - cell internal resistance (virtual ) 
n - universal gas constant 
T * absolute temperature, °Bankine. 

P - Faraday's constant 

£Fb**"J _ concentration of tetrnvalsnt leed ions 
£pb*’] - concentration of bivalent lead, ions. 

It can be shown that the concentration of the tefcravaleni ioa Increases 
and that of tho bivalent ion decreases &e the charge proceeds, the volt- 
age thus increasing. Cell temperature tends to rise because of I~r heat- 
ing as well as because of the heat of this exotheraic reaction, and cell 
voltage is further increased. 

Electrolysis of water occurs at a voltage which varies linearly with 
temperature. A# shown in Figure H above, the value i* 2.3*5 volte at SO°F 




the cell toroinal voltage iss 
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and decreases as temperature increases, This voltage le usually reached 
when about 90$> of the ampere-hours discharged have been replaced. By 
this time the desulfating reaotion, which proceeds into the plates layer 
by layer, has reached almost the mid-plane of the plates. Vhen electroly- 
sis begins, the gas is thus formed in the midst of the active material of 
the plates. Until all the lead sulfate has been decomposed, part of the 
current goes into the charging reaction and part goes into electrolysis. 
YJhen all sulfate has been decomposed, the charge is complete and all 
further current must cause electrolysis. The escape of the resulting 
hydrogen and oxygen bubbles is called gassing. These bubbles must escape 
through the pores of the active material. In doing so, especially at a 
high rate and at a high temperature, they loosen particles of active mate- 
rial which tend to H shed" or drop to the bottom of the cell as sediment. 
The capacity of the cell is proportionally reduced, and vhen the sediment 
pile grows high enough it may short circuit the plates. The mixture of 
hydrogen and oxygen creates an explosion hazard. As the bubbles leave 
the cell they entrain particles of electrolyte which lower cell capacity 
and corrode ventilation ducting. The energy which goes into electrolysis 
causes a drop in efficiency. In short, except for mixing the electrolyte, 
gassing performs no useful purpose and should be minimized. Seduction of 
gassing leads to safer, more economical operation and longer cell life. 

Dacos £ 3 , page 15j| explains the reduction of gassing which he ob- 
tained as follows: 
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.... this reduction in volume of gas comes from the fact that 
during & charge under pulsating voltage, the voltage is, dur- 
ing & fraction £ of a half-period, greater than the eoulva- 
lent mean steady current, and during the rest of the half per- 
iod, smaller. But, during the latter interval of time, gas 
stops being evolved while the voltage of decomposition £of vrater| 
is not reached, and the ions which have Just reached the react- 
ing strata of the active material enter into chemical reaction 
with the lead sulfate. 

Since he investigated only one frequency, Dacos did not consider the effect 

of changing the duration of his "fraction 0 W . There is no obvious reason 

why a long non-gagsing period should cause more reaction than several short 

non-gassing periods, although the higher ampere-hour efficiencies noted at 

low frequencies suggest that this is the case. Solution of this question 

would require a study using physical chemistry methods. Some of the ob- - 

vious factors are geometry of the plates, porosity of th® active material, 

temperature, specific gravity, and viscosity of the electrolyte, velocity 

of ions and gas bubbles, pressure, and current density. In Bacos 1 opinion, 

The behavior of the cell depends essentially on the phenomenon 
of diffusion. 

An investigation of this nature was out of tho scope of the experiment. 

Tinal’s voltage equation, together with the observed variation of 
voltage ripple, sheds some light on the matter. A step increase of charg- 
ing current from 0 to 4.8 amperes did not produce a step change in cell 
voltage, as seen in Tigures 6 and 9. With the current level at a constant 
4.8 amperes, the voltage gradually approached a maximum. The change in 
voltage must have been due to a change in one or more of the quantities r, 
T, and ionic concentrations. It is known that r is not constant and is a 
function at least of current and condition of charge. In fact Vinal 
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[l2, page 343 states that cell resistance is only a quantity which must 

cell 

he added to R external to satisfy the equations I= H extornpI+ r 

Furthermore he states that the ionic concentrations cannot "be measured di- 
rectly. T’could hardly he considered to vary significantly under a current 
pulsing as rapidly as once or twice a second. Therefore the variations in 
performance might he linked to variations in cell resistance or ionic con- 
centrations. On® difficulty with this hypothesis is the constancy of volt- 
age ripple above 2 cycles. Battery performance was not constant over this 
range. 

Although voltage ripple was not measured at frequencies helow 0.2 cy- 
cles per second, it is possible to predict that it will approach a maximum 
on the order of 0.25 for frequencies on the order of 20 minutes per cyole 
for a square wave of 10 minutes at 4.8 amperes and 10 minutes at zero cur- 
rent. This value was computed by noting that the voltage of a fully charged 
cell drops from about 2.8 to about 2.2 volts within 10 minutes after a 
charging current of 4.8 amperes is open-circuited. If performance is best 
at highest voltage ripple, the optimum frequency would then be on the order 
of 20 to 30 minutes per cycle. (The electroplating Industry uses "PR* cy- 
cles on tho order of 15 seconds plate and 5 aeconds deplate. ) A minimum 
practical frequency would be set by excessive shedding that would prob- 
ably be caused if peak current were maintained for a matter of minutes, 
even if followed by an open circuit period of equal duration. For example, 
the prescribed finishing rate for the Willard EB-2U-2 cell is 2,4 amperes. 
Suppose that a "pulsating* current of 4.8 amperes for 30 minutes followed 
by open circuit for 30 minutes, etc., were used for the finishing rate. 
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Although the average current would he 2.4 amperes, excessive gassing would 
undoubtedly occur during the 30 minute n on H period with loss of active 
material through shedding. The same considerations would prohibit a pulse 
shape such as 24 asperse for one second followed by open circuit for 9 
seconds. Although average current would be 2.4 amperes, excessive gassing 
and shedding would again result. Cell life could probably be reckoned in 
pulses rather than in months. For optima results, three conflicting re- 
quirements evidently must be balanced: 

(1) a large voltage ripple; 

(2) a period long enough to produce a large ripple but not so long as 
to produce damaging gassing; and 

(3) not too high a peek current. 

An educated guess is that the best frequsncy would be in the vicinity of 
0.01 cycles per second (period of 100 seconds). 

D&cos did not observe recombination of hydrogen and oxygen during the 
gassing period; he collected almost exactly the volume predicted by Tare- 
day's Laws. In the present experiment only 6256 of the predicted volume 
was actually collected; the other 38 $ recombined into water before escap- 
ing from the electrolyte. The Willard non-spill cells contained highly 
absorbent separators which undoubtedly affected the rate of diffusion and 
gas escape. Dacos' cells, 42 ampere-hour Tudor type BVM 3 t probably con- 
tained conventional separators which left a considerable volume of electro- 
lyte unabsorbed. Becombination of the gaB can possibly be related to thi3 
difference in construction. 
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Since Dacoa observed no recombination, his reduction of gassing must 
have been due entirely to reducing electrolysie. The present experiment 
demonstrated the reverse; ampere-hour efficiency was only slightly improv- 
ed by pulsing; hence electrolysis was only slightly diminished. The main 
cause of reduction in gassing met then have been the reaction of hydro- 
gen and oxygen to form water, This reaction would not be explosive if it 
proceeded continuously, since it could then liberate energy at no higher 
rate than it was supplied, about 6 watts. An explosion would result, how- 
ever, if the gas collected for, say, 10 minutes recombined. It would liber- 
ate energy on the order of 6 x 600 = 3600 watt-seconds. If it were a chain 
reaction occurring in 0.01 seconds, the rate of energy release would be 
3600 a 0.01=360,000 watts or 360 kilowatts. 

It is not surprising that recombination occurs; one type of primary 
cell utilizes the same reaction (H + ^K)p — ►HgO) to prevent polarisation 
of the cathode. Yinal £ll t page 216 ff,|] discusses the reaction at length 
and points out that the actual reaction is not so simple as shown above, 
but actually involves several intermediate reactions. 

As the experiment proceeded it became evident that statistical methods 
would be necessary to arrive at valid conclusions from the observed data. 

A comparison of the first four steady current control runs (step c of the 
experimental program) showed & disappointing lack of reproducibility of 
results. Two of these four runs were under suspicion, however. In run 
number 6, the cathetometer telescope was inadvertently moved during the 
gassing period sjad the height of gas in the collecting bottles was there- 
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fore not accurately measurable. An estimate was Bade, and the gas evolu- 
tion computed subject to later acceptance. There was no reason to suspect 
the duration of charge, ampere-hours, watt-hours, or efficiencies, since 
the variables involved in these quantities were accurately measured. 

Run number 12 was also suspected because the cell voltages on dis- 
charge dropped below the low voltage level for that rate. The charging 
portion of the cycle was completed, nevertheless, and the indices of per- 
formance computed. As anticipated, some of the indices differed consider- 
ably from those obtained previously. 

At this point the investigators considered the advisability of neglect- 
ing the dubious results computed in cycles 6 and 12. Since their omissien 
would tend to accentuate the difference between pul sating and eteady current 
performance, the investigator* approached the decision with conflicting e- 
sotions. On the one hand, there was excellent reason to believe the data to 
be extraneous. On the other hand, neglecting them would open the investi- 
gators to the charge of shutting their eyes to those data which did not con- 
firm their theory. They consequently deferred a decision until a third 
series of cycles could be run. Unfortunately time did not permit the run- 
ning of a number of cycles identical to the previous control runs. Instead 
they conducted 5 similar cycles in which the batteries were discharged at 
the sane rate as before but for a shorter time, 10 minutes instead of 4S 
minutes. The cells were then charged with a constant, steady current of 
2.4 amperes. Data were collected in the same way as before. The means 
and standard deviations of the various Indices of performance were com- 
puted. 
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The Assumption seemed reasonable that the second set of control rune 



should show the ssrae agreed of data ss the first set. For example, if 
napere-hour efficiencies for the second ran fell between 60# and F>5#, 
they could be expected to fell within a eisilar range for the first run. 

In statistical terminology, It was assumed that the first set of runs com- 
prised a temple from a population haring a certain mean and standard devi- 
ation. The second set of runs were assumed to comprise a temple of a sec- 
ond population haring a different mean but the seme standard deviation. 

Boel r«i and Vilks M , in their dlscueslonsof small sample tech- 
niques, describe a test for the compatibility of variances. It involves 
the »f" distribution tabulated by fisher and Tates [U, table vj . Briefly, 
the investigators followed this procedure: 

1. The first two steady current control rune, numbers 1 and 7# vers 
assumed to be random samples from normally distributed population A having 
meen ©nd standard deviation ; the second set of five, from normally 
distributed population B having meen and standard deviation S"a • 

2. It was assumed that ,but =<r B 

3. An hypothesis H was then made that the dubious runs, numbers 6 
and 12, also came from population A, 

4. Under hypothesis H, the standard deviation S A of the first four 
control runs should be compatible with the standard deviation 3j of the 
second five runs. This hypothesis was tested by forming the ratio 

F= fob"') where n ~ the number of observations (runs) eon- 

(1a _ 0 

prising th& sample. The f distribution yields the probability that t 
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will sxcood any given nuab«r. 2n try Into Sdaher’s tables show* that, under 
hypothesis H, the probability that Y - h , 75 i* only 0.08. Noting that Pi 
H.75 for tho indices t, V, V/^ and V/^ , sne rejected the hypothesis H in 
their cates, but accepted it for *\q and ^ w , In other wards, the 

TOiusee data for runs 6 and 12 was rejected, because of experimental error, 

5. Yolusse data for rune 6 and 12 wore rejected, and new standard de- 
viations 5^ computed for Y, Y and T/^, This new value 3^ was found 
to be ooajsatible with S B . 

6. LVen when tines for runs 6 and 12 were neglected, the standard de- 
viations of tine proved incompatible, Since the curve of duration vs, fre- 
quency showed no significant variations, no further statistical analysis of 
this variable was aade. 

These computations arc tabulated in figure 12, The mean steady 1X5 values 
plotted in fissure 10 represent, for tine, ampere-hours, and efflciences, 
ths results of all four control runs, Tor volume evolved, volume per 
aapere-hour, and volume per watt-hour they represent the aean only of 
runs 1 end 7. 

The confidence limits for the means wero computed by Student’s dis- 
tribution as described in Wilks £lj] and Hoel(jSj\ An unbiased estimate 
of standard deviation was based on compatible data from the two sets of 
control runs, 

A belated review of Bacon 1 conclusions shewed that lack of reproduc- 
ibility night have been inferred froa hi* statement that, page 17 j 

In this test, tsken at rsndca frea among very numerous ob- 
servations there is a benefit of 25 ^ in favor of pul- 

sating current, Recall that the mean of all the tests was 

ie$. 
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r IGURE 12. COMRn i IftILlTY Ob’ WUiC-.S 



Pacos mad® no explicit mention, however, of difficulty with spread of re- 
sults, nor did Yiaal's chapter on Tost* £12, Chapter I X ] warn of this 
pitfall. Only after considerable grief did the investigators discover 
what Pacos had implied: that a few large samples would have been prefer- 

able to a number of small samples. 
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CHAPTER T 



SUGGESTIONS FOR FURTHER INVESTIGATIONS 

This experiment raised more questions in the minds of the investi- 
gators then it answered. In the first plane, it failed to prove precise- 
ly which pulsing frequency and shape produce optimum performance; this 
basic question remains to be solved. It did reveal, however, other ques- 
tions which must be answered before the solution can be found. It also 
emphasised related problems and suggested techniques which can simplify 
and improve experiments with storage batteries. Some of these pointe fire 
discussed briefly In three categories: 

A. Questions whose answers are essential to a solution of the basic 
question. 

B. Questions allied to the basic question, 

C. Experimental techniques. 

By the "basic question" is meant, "How does battery performance vary with 
frequency and shape of current pulses? * The discussions below merely high- 
light the points raised; they are presented as raw observations to be eval- 
ulated, Ignored, or disproved by subsequent investigators. 

Questions whose answers are essential to the solution of the basic question. 

1. Is storage cell performance truly reproducible experimental- 
ly? That is, can all the variables be controlled and/or measured so that 
identical results can be produced by maintaining identical conditions? 

What variables are most important? 
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2. If not, is cell performance ft chance variable? If it is ft 
chance variable, is it normally distributed, or does it follow some other 
distribution? How many times must ft given run bo repeated to determine 
the true mean value of & particular index of performance? If the ampere- 
hour efficiency is determined, say 10 times, can we confidently say that 
the mean of this ten-fold sample equals the population mean? 

3. What wave shape produces optimum performances? Is it a 
square wave, half sine wave, full-rectified sine wave, or pulsed field 
wave? What is the optimum duty cycle? (ratio of current-on time to cur- 
rent-off time), 

4. Would periodic reversal of charging current improve perform- 
ance as it has improved electroplating quality? 

5. ^?hat is the optimum pulse frequency for any given cell? 

6. Does pulsing produce beneficial results on cells of all 
sizes and constructions? 

B 

Questions allied to the basic question. 

1. Does pulsed current produce less electrolysis, or does it 
merely cause more of the electrolyticslly generated hydrogen and oxygen 
to recombine? If the first answer is "yes", ampere-hour efficiencies 
should be increased. If the second answer is •’yes*, the volume of escap- 
ing gas should be less, while ampere-hour efficiencies would remain un- 
changed. 

2. Can indices of performance be related analytically to pulse 
shape and frequency, possibly by transient analysis? 
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3. If a test cell consisting of two plates, widely separated, 
were charged with pulsating current and the gas from the respective plates 
collected separately, would performance be improved? 

4. Is "shedding" of active material a function of total gas form- 
ed or only of that fraction of the gas which escapes without recombining in- 
to water? 

C 

Experimental techniques. 

1. The use of recording instruments, either in addition to or in 
lieu of Indicating Instruments, would simplify the problems of recording 
data, computing results, and regulating charging current. Esterline Angus 
recording milliaauaeters could be connected to measure cell voltages and 
charging current. Several advantages would be: 

a. Continuous data record, rather than only a periodic 
record. This feature would allow closer determination of the time of end 
of charge than would the constancy of two successive readings separated by 
a time interval, 

b. Elimination of time-consuming reading and logging. 

c. '3>iick computation of time-average values, such as volt- 
ages, by planimeter, and quick and accurate determination of time rates. 

d. Elimination of need for extremely accurate current regu- 
lation, In the present experiment, current had to be maintained exactly 
constant to permit accurate determination of ampere-hours as the product 

of current and time. If ampere-hours could be determined by planimeter, 
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slight variations in currant would he permissible. 

a. The hitter inertia of recording instruments would give than 
a better integrating characteristic than indicating instruments. The bal- 
listic galvanometer for current metering might prove unnecessary. 

2. Since individual cell performances for a given cycle ware aver- 
aged, time could be saved by metering battery voltage and gas rather than 
individual cell values. In this way a large number of cells could be used, 
rather than only three, and more reproducible mean data might result. 

3. The development of a recording device for volume of evolved gas 
would facilitate data collection. 

4. Host important of all, a number of observations should be made at 
each frequency at which performance is to be determined accurately. Stu- 
dent’s distribution shows that the confidence limits for a population para- 
meter are narrowed as the number of observations is increased. Qualitative- 
ly this means that the average of the observed data for a number of runs 
approaches the true value as the number of runs approaches infinity. 5ote 
that the number of observations can be Increased either by repeating runs 

or by connecting more cells in series. 

5. Bearing in mind the perversity of storage batteries in failing to 

behave reprodncibly, the investigator should heed Eoel's warning: £6, page 21 

Too many experimenters do not seem to appreciate the obvious 

injunction that the time to design {statistically} an experi- 
ment is before the experiment is begun. 

A study of Hosl's Chapter XII on "Statistical Design in Experiments" should 

assist in planning a valid and efficient experiment. 
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CHAPTER VI 



concurs ion 

The experiment, while it failed to produce the ouantitative results 
hoped for, demonstrated qualitatively that battery performance is Im- 
proved hy charging with pulsating current. Tot the Willard HB-24-2 cell 
a frequency on the order of 0.5 to 1 cycle per second produoed beet re- 
sults within the frequency range oovered. Ihrther investigation, utilis- 
ing the tools of statistics, is necessary to determine the reason for this 
improvement and to determine optimum pulse shape and frequency for this 
and other cells. There is reason to believe that low frequencies are 
superior to high frequencies. The investigators consider their time and 
efforts Justified since their results not only supplement the meager know^- 
ledge about pulse-charging but also point the way for future study. 
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APPENDIX A 



EXPERIMENTAL SETUP 

The experimental setup was designed to (l) permit olose control of 
charge and discharge currents, and to parovide a choice of currents for 
charging; (2) provide for metering or measuring charge and discharge cur- 
rents, time of charge and diecharge, and individual cell voltages, temper- 
atures, and gas evolved; (3) provide protection against accidental "re- 
verse current" discharge of the cells; and (4) provide a stable power sup- 
ply, arranged for a minimum of interruptions or disturbances to the primary 
power source. A brief explanation of each of these provisions will indi- 
cate the methods and principles involved and will provide a clear picture 
of the overall setup. In the interests of completeness, a block diagram 
with descriptions, and an overall circuit diagram are Included. 

1, Current control. 

Since ampere-hour meters were unavailable, constancy of current, 
on both charge and discharge, was essential to the outcome of the experiment. 
Regulation of charging current was accomplished by the use of automatic, 
thermal type, variable resistance, "constant current* ballast tube* Asrper- 
ite type A-10. Characteristics of these tubes are shown in Eiguro 13. 

These tubes are designed to hold current constant to - 2$. Supplementary 
rheostats were provided for very fine control, permitting excellent over- 
all maintenance of constant current. 

On discharge, the voltage of the battery alone was below tha min- 
imum operating voltage of the Amperite ballast tubes, so that discharge 
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current was necessarily controlled t>y rheostat* only. Adequate control 

! 

of discharge current vas realised, hut the rheostats required constant 
manipulation hy the operator in order to Maintain constant current. 

Constant current requirements for charging included (a) a 
starting rat© source of 6 amperes steady direct current, and for the fin- 
ishing rats, (h) 2.4 amperes steady direct current, or (c) 2.4 amperes 
(average) pulsating direct current of square waveshape, at 4.8 aaperes 
peak velue, at frequencies from 0.5 to 8 cps, obtained from a motor 
driven, cam operated timer switch, or (d) 2.4 amperes pulsating direct 
current obtained through a half wave rectifier hank from an alternator, 
at frequencies from 20 to 400 ops. Of this last item, it may be said 
that waveshape was beyond control, since the investigators were obliged 
to use whatever sundry alternators that were available for this wide range 
of frequencies, but in any case, current was maintained at the proper av- 
erage value. 

2. Mensuration 

The problem of metering appeared to be quite difficult at first, 
especially at pulsing rates below about 40 cps, where ordinary d’Arsonval 
movements tended to follow the current excursions rather closely, so rend- 
ering them useless for "average current" indications. In the case of cur- 
rent metering, when the motor driven timer switch was used, it was also 
necessary to consider that, although the "on* current vain© might be pre- 
cisely 4.8 amperes, the "on" and "off" times very probably were not exact- 
ly equal*, so that the average current could not be assumed to bo preciae- 

♦This assertion was later borne out by a graphical recording of waveshape 
on a "Brush" recorder. 
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ly 2.4 amperes. Thus, a meter which would average, or integrate, was re- 
quired, and a long period, ballistic galvanometer, connected to a very low 
resistance shunt, provided the solution. The low resistance shunt caused 
the Instrument to be highly overdamped, thus adding to its integrating a- 
bility. An instant acting relay arrangement was provided, whereby the 
galvanometer and its associated shunt could be switched into either the 
battery charging circuit, or into a constant current reference circuit, 
maintained accurately at 2.40 amperes, for purposes of zero-setting and 
comparison. 

When charging with steady direct current, or with rectified al- 
ternating current at frequencies of 40 cps and higher, ordinary d’Arsonval 
type ammeters were used, and provided satisfactory current indications. It 
is noteworthy that the precision of every electrical meter reading which 
might directly Influence the quantitative experimental results was enhanced 
by the use of magnifying glasses placed over the meter scales. 

Voltages were read to three decimals with a 0-3 volt scale volt- 
meter, provided with a switch for selecting any one cell voltage. To pre- 
vent the voltmeter pointer following the "voltage fluctuation" across the 
cells, during pulsing at rates below 40 cps, which would result in inaccu- 
rate voltage readings, a switching arrangement was provided so that the 
cells could be switched to a steady direct current charging source at 2.4 
amperes for the duration of the meter readings. 

While it is realized that voltages read to three decimals with 
an ordinary d’Arsonval voltmeter movement would be subject to suspicion 
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as to the absolute accuracy of the third decimal, values were nevertheless 
read as closely as possible, with th® aid of the magnifying glass placed 
over the scale. The prime purpose of the voltags reading* was to ascer- 
tain the point of completion of charge, based on the fact that roltage 
across the cell reaches a maximum at the and of charge and thereafter de- 
creases slightly. Thus, even though the absolute magnitude of roltage 
may hare been slightly in error, the method used enabled the operator to 
determine quit® closely the end-of-charge point, inasmuch as the previous- 
ly mentioned roltage decrease was easily discernible. It is well to note 
that a "set of voltage readings", as taken periodically during the finish- 
ing rate charge, consisted of three separate readings, one for each cell. 

In switching the voltmeter from cell to cell, its pointer momentarily 
swung toward sere, during the switching period, so that for each cell rolt- 
age reading, the pointer always approached its steady state position from 
the same direction. Any lost motion was therefore always in the same di- 
rection. 

Time was reckoned by an electric timer connected to be energised 
automatically whenever the cells were connected to either the charge or 
discharge circuit. 

Temperature of each cell was obtained by means of a Fahrenheit 
thermometer sealed into the filling cap, with the thermometer bulb im- 
mersed in the cell electrolyte. 

Temperature of the evolved gas was obtained with a Centigrade 
thermometer inserted into the gas collecting vessel of one cell, by way 
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of a pilot or sample temperature determination. The investigators felt 
that elimination of thermometers in the other two gas collecting vessels 
was justified, since the three vessels vers grouped olosely together, and 
therefore subject to essentially the same changes in ambient temperature, 
which proved to be the major factor in determining gas temperature. Ihx- 
ther, the two investigators were required to make 11 readings within the 
space of about 30 seconds every 6 minutes, so that elimination of all un- 
necessary readings was highly desirable. 

Evolved gas from each cell displaced an equivalent volume of 
water from a calibrated glass vessel. The level of the remaining water 
in each vessel was accurately determined periodically with a cathetometer. 

3. Reverse Current Protection 

Inclusion of this device in the charging circuit was necessary to 
prevent accidental discharge of the cells through the generator armature, 
in the event of a power failure. The reverse current relay (Figure l4) 
was connected to be normally energised, through a disc rectifier; thus, 
the relay was energised only when current was flowing in the proper (charg- 
ing) direction. Voltage to operate this relay was obtained from the IR drop 
across a resistance in series with the charging circuit. If, for any reason, 
the cells commenced to discharge through the charging circuit, the rectifier 
prevented current flow throng the relay coil and caused the contacts to 
drop out. Deenergisation of this relay simultaneously opened the cell cir- 
ouit, stopped the electric timer clock, and shut down the motor-generator 
set, after which manual resetting was necessary. 
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Figure 14. Reverse current relay detail. 
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4. Power Supply 

In order to Insure a minimum of interruptions or disturbances 
to the charging current and auxiliary apparatus (clock, motor driven timer 
twitch, etc,), a primary power source of high capacity was desired. The 
system used was the largest capacity system available in the laboratory, 
viz., the 230 volts, 3 phase, a. c. distribution system. A transformer 
provided 115 volts, single phase, where needed. An oversized motor-gen- 
erator set provided a stable source of charging current. This source suf- 
ficed for both the steady charging currents and the 0,5 to 8 cps pulsating 
direct current for charging. Alternating current for charging, from 20 to 
100 cps, was supplied by & motor driven alternator, with the motor connect- 
ed to a "Kard-Leonard" generator system for speed control. 400 cps alter- 
nating current was obtained from a 1.8 K7A voltage regulated, motor driven, 
400 cps alternator. 

5. Detailed Description of Components 

The overall provisions of the experimental setup have been set 
forth above, followed by several explanatory paragraphs on the salient 
features of the apparatus. A detailed, functional description of compon- 
ent parts follows. 

Deferring to figure 15, note that three basic arrangements of the 
apparatus were required, figure 15A shows the arrangement where only steady 
direct current was required for charging. This arrangement was employed for 
the starting rate charge during every cycle, and for the finishing rate 
charge during the control cycles (q.v. ), and was the basic arrangement, to 
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which Modifications were made as necessary for pulsating charges, as shown 
in Figure 15B and C. 



The generator was a 2 W, $2 volt, 62,5 ampere machine, driven hy 
a 15 EP induction motor, and sufficient in capacity to show negligible regu- 
lation under the relatively light charging load. Some ripple of 5^0 cps was 
discernible in the output of this machine, but the percentage of ripple volt- 
age was negligibly small. 

Two parallel connected rheostats were employed, supplement nry to 
the current regulating ballast tubes, as previously described. Sheostat 
values were 4 ohms and 25 ohms, the former serving as a coarse control, the 
latter as a fin® control. 

The voltmeter arrangement for metering individual cell voltages 
was described above. Switch details are shown in Figure l6. Separate leads 
were run from the terminals of this switch direct to the actual terminals 
of each cell, rather than to the *battory* terminals, to eliminate any IB 
drop inherent in the latter terminals, by virtue of their carrying either 
charge or discharge current. 

The reverse current protective device and the bank of Amperite cur- 
rent regulating tubes were previously described in this appendix. Of the 
Aaperite ballast tubes it is worth saying that they were procured in three 
sizes, vis., 2-A-10, 5- A -10, and Q-A-10, having nominal current ratings of 
0.2 , 0.5, and 0.9 amperes, respectively. Suitable combinations of these 
tubes in parallel gave the various desired charging current values. 

In Figure 15B, the galvanometer current metering circuit, a cur- 
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Figure 16. Cell voltmeter switch detail. 
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rent selector switch, a motor driven, cam operated pulsar, or timer switch, 
an additional hank of Amperite tubes, and additional rheostats have been 
added. 

The galvanometer circuit detail is shown in Figure 17. The gal- 
vanometer and its purpose have been described earlier, lhe associated re- 
lay was controlled from the galvanometer position, and permitted switching 
of the galvanometer from the cell charging circuit to the reference current 
circuit, while maintaining continuity of these circuits. The reference cur- 
rent circuit consisted of a source of direct current at 250 volts (obtained 
from a 5 KW generator, tandem coupled to the main induction motor and 3 2 
volt generator set), a 2,4 ampere bank of Amperite tubes, a 0-3 ampere am- 
meter, two parallel connected rheostats of about 25 ohms each, and suffi- 
cient series resistors to limit the current to the desired value. Current 
in this circuit was maintained at 2.4 amperes. The galvanometer scale was 
not calibrated in amperes. Rather, the pointer was set to give zero de- 
flection when the galvanometer was connected in the reference current cir- 
cuit; then the galvanometer was switched into the charging circuit, and 
charging current adjusted to again give *ero deflection, corresponding to 
2.4 amperes average current. 

The current selector switch, shown in detail in Figure IS, enabled 
the operator, in one switching operation, to choose 2.4 amperes of (l) 
steady current, or (2) pulsating current, at a frequency generated by cad 
preset in the motor driven timer switch. The purpose of the steady cur- 
rent source was described under "Mensuration* . 

The heart of the lew frequency, pulsating current generating de- 
vice was the motor driven, cam operated timer switch shown in Figure 19. 
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Figure 17. Galvanometer circuit detail. 
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Figure 18. Current selector switch detail 
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Comprising this was a fractional horsepower Induction motor driving a 
simple cam through a variable ratio gear train. The cam actuated a micro- 
switch once during each revolution. The oicrosvitch in turn energised the 
coil of a locking type stepping relay, with single pole, double throw con- 
tacts. The stepping relay construction was such that its contacts threw 
to one position or the other with each energization of the coil, and re- 
mained locked in that position until a subsequent energization of the coil. 
In one position the circuit to the cells was completed through the 4.8 
ampere Asperite bank. In the other, the cell circuit was opened, and the 
Amperite tubes were switched to a rheostat and ammeter, leading back to 
the generator. Thus, the cells alternately received either 4.8 amperes or 
no current, giving an average current of 2.4 amperes, as required. Tha 
speed range of the cam permitted a pulsating current frequency range of 
about 0,2 to 5 cps. It was discovered that the stepping relay arrange- 
ment was unsuitable for frequencies above about 2 cps, however, so that 
for the runs at 3 and. cps, an additional microswitch and cam were in- 
stalled, the microsvitch, with single pole, double throw contacts, being 
substituted circuit-vise for the contacts of the stepping relay. The cam 
operated this microsvitch every 180° of rotation, extending the frequency 
range of the device to an upper limit of about 10 cps. 

The resistance of an Amperite ballast tube varies with tempera- 
ture in much the same manner as does that of an ordinary incandescent lamp, 
except that the thermal time constant of the Amperite tube is longer. Du# 
to this thermal characteristic of the Amperite tubes, it was found necessary 
to cause the desired value of current to flow through them continuously in 
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order to real lee optimum current regulation. Thus, the 4.8 ampere hank 
of Amperite tubes vas switched alternately from the cells to the previous- 
ly mentioned rheostat and ammeter circuit hack to the generator, the rheo- 
stat being adjusted to give an ammeter reading of 4.8 amperes, so that 4.8 
amperes flowed through these Amperite tubes continuously. A similar ar- 
rangement was provided for the 2.4 ampere hank of Amperite tubes, used for 
obtaining steady current for purposes of voltage metering. The current 
selector switch connected this hank either into the cell circuit, or to a 
rheostat and ammeter circuit returning to the generator. Whenever the 2.4 
ampere circuit was switched to the cells for a voltage reading, the motor 
driven timer switch contacts were short circuited, so that for this posi- 
tion of the current selector switch, the associated 4.8 ampere bank of bal- 
last tubes was continuously connected to its rheostat and ammeter return 
circuit, independent of the timer switch. 

In Figure 15C, the variable frequency alternator, thyratron rec- 
tifier bank, and associated Aaperite tube bank have replaced the motor driven 
timer switch of Figure 15B, with other features remaining essentially the 
same. At frequencies of 40 cps and greater it was unnecessary to use the 
galvanometer for metering of current, since ordinary d'Arsonval type meters 
gave satisfactory results at these frequencies. Three General Electric type 
FO-95 thyratron tubes connected in parallel were used to half-wave rectify 
the alternator output. Ho attempt was made to utilise the unique character- 
istics of the thyratron tubes. Indeed, any rectifier of suitable current 
carrying capability would have served the purpose. The one outstanding ad- 
vantage of the particular thyratrons employed was their immediate availa- 
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bility to the investigators. At the frequencies involved here (20 cps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Araperite tubes, and no auxiliary switching arrangement was 
provided for the purpose. 

6. Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
glass Jugs, one connected to each cell and, through, a pressure equaliz- 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Tig- 
ure 20. Gas from a cell displaced an equal volume of water from its as- 
sociated Jug. Pressure within each Jug was reduced to atmospheric prior 
to each reading, by matching the water lovels of the Jug and its equal- 
izing flask. Height of liquid in the Jug was read, to 0.01 c» with a 
cathetonoter. Gross sactional areas of the Jugs were sufficiently linear 
over the operating range to permit the use of a constant term in computing 
volume of water displaced, as, for example, 200 cc per cm. Gas volume was 
temperature corrected to 27° 0. 
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bility to the investigators. At the frequencies involved here (20 cps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Araperite tubes, and no auxiliary switching arrangement was 
provided for the purpose. 

6. Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
glass Jugs, one connected to each cell and, through a pressure equaliz- 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Ple- 
ura 20. Gas from a cell displaced an equal volume of water from its as- 
sociated Jug. Pressure within each Jug was reduced to atmospheric prior 
to each reading, by matching the water levels of the jug and its equal- 
izing flask. Height of liquid in the jug was read to 0.01 ca with & 
cathetonoter. Cross sactional areas of the Jugs were sufficiently linear 
over tho operating range to permit the use of a constant term in computing 
volume of water displaced, as, for example, 200 cc per cm. Gas volume was 
temperature corrected to 27° 0. 
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Figure 20. Gas collecting apparatus. 
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Figure 22- k. View of setup. 



64 




Figure 22-B. View of motor driven timer switch. 
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Figure 22-C- View of Amperite banKS and motor-generator set. 
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APPENDIX B 



SAMPLE CYCLE ANALYSIS SHEET 



Discharge 

Current (I d ) - Constant at 15 amperes throughout discharge. 

Mean Voltage (V E< i)- Time weighted mean voltage, from voltage readings 

made every 6 minutes throughout discharge. 
Duration (t d ) - Duration of discharge in hours. 

Ampere-hours (Q^) - Product of I d and t,». 

Energy (V d ) - Product of I d , V md and t d . 

Charge - Starting Rat* 

Current (X g ) - Constant at 6,02 eaperes throughout starting rate 

charge. 

Mean Voltage (Vjgj,)- Time weighted mean voltage, from voltage readings 

made every 12 minutes throughout starting rats 
charge. 

Duration (t 4 ) - Duration of starting rata charge in hours. 
Ampere-hours (C^) - Product of I 9 and t g . 

Energy (tf # ) - Product of I g , V mg and t & . 

Charge - Finishing Rate 

Current (If) - 

Mean Voltage ( V D f ) 

Duration (tf) - 
Ampere-hours (Qf) 

Energy (Vf) - 



Height (h) - Difference in height in centimeters of water in gas 

collecting vessel at Beginning of finishing rate 
charge and end of finishing rate charge. 

Area (A) - Cross sectional area of gas collecting vessel in 

square centimeters. 

Volume (V 1 ) - Volume of water displaced from gas collecting ves- 

sel during finishing rate charge - product of A &nd h. 

Temperature (T) - Gas temperature at end of finishing rate charge, °C. 

Volume (V) - V corrected for T to a datum of 27°C, or 3^0° Kelvin 

(Centigrade, absolute). 



Constant average value throughout finishing rate 
charge. 

- Tine weighted mean voltage of finishing rate charge. 
Duration of finishing rate charge in hours. 

- Product of If and tf. 

Product of If, V n f and tf. 



67 






.. iiw t.:uui 



• 

• i: '•» *fwM«i.v ~ (j ') .»<•- ? ••• 

r« «rv ' ' , - • < • . i‘r» • i ~( s • $ I • • . 

. • ~ : ’• O' *. -'A' - ( .,t) «l - ' 

.. j - • ' !• . .i" - . - ( L , . •or - • 

, 6 k 1 , T lh I t» - ( ?) •->•* •: 

■>« ..(*•.{• - •• iMS> 

«t ' ’*-• + . *.r .r -v $ • «•»*.<»■% *£),?• *• ta**’ c> - (* T ' *•* T—.O 

<Ml • ' *"« .f.ta-r f •*: ; -v ». r- r*. < . 

•T.i*.* ! ..•'»*• 

•• - . ' » ■ - 7 ■ I--' — V • • 

• ' “ ./ • -V •■’ 

• « ’ . . - »^s-jdC 






- »»•*< XJ ‘ 



* 

. MM-t »'« IK • ~ r 0 •< i ' 

,!*)■-> .1 m* * * la l* "*••> - ( : 0 its* - . 

,«• ««. .. io • i- - (• .) :• i Jt > 

.w* t- i ; j ,-;t •>-> * - v») n*- tit 






• -» « ft m • I* • *»• I ’m * • i i \2tH ’>1 r'.y* M 

XAl-'l* •« J. !«»«•*• 

.•IT**- . • - » f. • Jr 1 ' io 

i • . • t 

r* 5 : 10 to - .* ’’ 



- . 1 mt-itf 

\ij »v ^a£*l' 
.. (•>) »*vro 7 



Volume of gas per - 
ampere-hour cf fin- 
ishing rate charge. 


v/% 




Volume of gaa per - 
watt-hour of finish- 
ing rate charge. 


T/» f 




Total arapere-hour s 
of charge. 


<<Jo> 


% + 


Total watt— hourrs 

of charge. 


(* e > 


w.4Wf 


Efficiency, aa- 
pere-hour. 






Efficiency, watt— 




V*e 



hour 



68 



- T*r • c 

-atl lo . - err 1 

*A »$• . *tt*4*X 



^V\f - ~m * I' lo »*-«XoY 

-i { s ii.il * 

. <»i i 'o »i *«Jt 



V + a ' ^sP 1 

- +■ v ',.••> 

& \$P ^ * 

„*V <»!') 



.*. T. rfa la 

J>/oT 
.sgTedo lo 

-rv »oi ' 1 

.ir r'-sioq 

- 4 $** 

TUod 





Df)TL - 


- 2/11151 


C /Clf /4 


-z 


P/HH 


c 5 /V A<fc 








/Tc<” 


UrJt t 3 


it 


!Z- 


/3 


/K* * 








id 




15. oO i 










• 




^rr\ d 


ViLTS 


1.1370 


/SSPA 


A9SS* 










t d 


HAS 


c. & - 














Qd . 


AMP. HP 


/X.00 - 


>• 














Hatt viz 


X3 ^ 


/5 • 2/3 


23. 26 2- 












aa\p. 


(e-CZ^ 














Z/vS 


/0LTS 




2.2158 


Z-2b/3 












HAL'S 


/. 5<?3- 















£?s 


An:P.-H&. 


?-o*d- 


>- 














UATT-H& 


*20. 2.1& 


ZO.ZZO 


t~c . ‘/e o 










Is 


A*P. 


ZZ *7- 














f 


vtLr 


2 ^574 


2<W73 


;v 










As 


HPS 


/.F3 


t- 75 


/. 75 


(s'. 2 $6 ■ 


o 






§s 


A *P-H£. 


AhAZ<b 


3/75 


3/7 5 










Mr 


uATr-ue. 


/o $?</■ 


/C.2(rP 


/t . .?/3 










*e 


cm. 


3.7o 


3- u>o 












/? 


C/q*' 


2 co 


/1 5 


7f/5 




* 






V' 


cm 3 


7Hl>. oo 


SIS. oo 


57<?.2 3 










T 


°c 


Z£>.? ■ 














7 - 


CM? 


7H0. z 5 


S?5.m 


57£ 52 


£5 








''A- 


^Vfi.H. 


/U-95 


139. So 


A?7 ?/ 


/ V S’. / 2- 


• 






V/Wf 




67.15 


S', 7. oo 


SS. 66 


oO.Zo 








_<$c 




/3-V 8Z 


/3.2H3 


/S’. 2/3 


/ 3. 32-3 










WATT-HA. 


3 /• /?& 


So. 586 


3o-S5 3 


30.87 7 










X 


??.oo 


?o.6/ 


90. 6/ 


?0.07 










% 


7<7-5z 


75. S9 


73. 9-0 


7S.27 








/ 






































“77 


wn 


- 77 


7TT/> 


r pr 

— “"i .* / j 


V. / 
















































6 9 




























. 


















fl 
















a?-2u 



APPENDIX C 



RAW DATA 



Laboratory data sheets for all cycles are included in this appendix 
in chronological order. Dates, cycle numbers, and frequencies are as 
follows: 



Frequency 


Cycle Numbers 


Pate 


0.5 


AS 


2/19/53 


1 


a4 


3/2/53 


3 


kg 


3/23/53 


7.8 


All 


4/1/53 


20 


A5 


3/4/53 


40 


A3 


2/25/53 


100 


A9 


3/25/53 


4oo 


A10 


3/26/53 


Steady 


A1 


2/18/53 


n 


a6 


3/5/53 




A7 


3/9/53 


« 


A12 


4/8/53 


« 


Bl, B2 


4/28/53 


W 


B3. B4 


4/29/53 


« 


B5 


4/30/53 



The final data sheet lists the meters and recorders used. 
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